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Premise of research. Over the past 3 decades, angiosperm woods have been reported from the Campanian
to the Maastrichtian of southern Laramidia, including Coahuila and Chihuahua, Mexico; Big Bend National
Park, Texas; and the San Juan Basin, New Mexico. Recent investigations of the upper Campanian (76.5 to
172.5 Ma) Jose Creek Member of the McRae Formation, south-central New Mexico, indicate an abundance
of well-preserved silicified woods, representing one of the most diverse Cretaceous wood floras in the world.
In this report, we describe four new angiosperm wood types.

Methodology. The fossil woods described here were collected from the upper Campanian of south-central
New Mexico, along the northeastern flank of the Caballo Mountains and in the adjacent Cutter Sag, and were
studied using thin sections. The potential affinities of these McRae woods were determined by comparison
with fossil and extant woods.

Pivotal results. The woods reported here comprise one magnoliid and three eudicots with varying levels of
comparability to extant taxa. Laurinoxylon rennerae sp. nov. belongs to Lauraceae and has a combination of
features found in multiple extant genera variously referred to as Cinnamomeae Nees, Laureae Maout &
Decaisne, or Lauroideae Burnett/core Lauraceae. Turneroxylon newmexicoense gen. et sp. nov. is a eudicot
with many similarities to Dilleniaceae but differs in having narrower rays. Mcraeoxylon waddellii gen. et
sp. nov. has a suite of features seen in several families of Malpighiales, Myrtales, and Oxalidales. McRae an-
giosperm wood type 1 has a suite of features found in genera of Dilleniales, Ericales, and Malpighiales.

Conclusions. All wood types, with the exception of M. waddellii, have minimum axis diameters of 110 cm
(12–50 cm), indicating that they represent trees. This reinforces previous evidence for the presence of small to
large angiosperm trees in the Jose Creek Member and underscores the importance of woody angiosperms in
vegetation of the southern Western Interior during the Campanian-Maastrichtian.

Keywords: angiosperm woods, Cretaceous, fossil wood, late Campanian, McRae Formation, New Mexico.
Introduction

The western margin of the former Western Interior Seaway
preserves diverse Late Cretaceous floras, especially of Campanian
and Maastrichtian age. Over the past 20 yr more than 40 new
fossil angiosperm woods have been described from the southern
Western Interior and adjacent regions of northern Mexico, in-
cluding the San Juan Basin and Love Ranch Basin of New
Mexico, the Big Bend region of Texas, and the Coahuila and
Chihuahua states of northern Mexico. Some belong to genera
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that have multiple occurrences, e.g., Paraphyllanthoxylon, Pla-
tanoxylon, Metcalfeoxylon, and Javelinoxylon (e.g., Wheeler
et al. 1994, 1995; Wheeler and Lehman 2000, 2009; Hudson
2006; Estrada-Ruiz et al. 2007, 2010, 2012a, 2012b; Estrada-Ruiz
and Martínez-Cabrera 2011; García-Hernández et al. 2016). The
relatively high diversity of angiosperm wood from these areas
probably reflects warm subtropical to tropical temperatures
during the Late Cretaceous and varied environments ranging
from coastal to interior and from wet to semiarid (Lehman
1987; Wolfe and Upchurch 1987; Upchurch and Mack 1998;
Upchurch et al. 1999, 2015; Wheeler and Lehman 2000; Estrada-
Ruiz et al. 2012a).

In this article, we describe four new angiosperm wood types
(a magnoliid and three eudicots) from the McRae Formation
of south-central New Mexico (fig. 1). This is the second part of a
comprehensive study of angiosperm woods from the McRae
Formation and underlying Crevasse Canyon Formation of the
Love Ranch Basin. These woods form part of a diverse macro-
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flora that includes abundant silicified conifer and angiosperm
woods; silicified monocot axes; fern, gymnosperm, and angio-
sperm leaves; and gymnosperm and angiosperm reproductive
structures. More than 40 species of woods and more than
100 species of leaves have been collected from the Jose Creek
Member as a whole, including the fern Woodwardia; conifers
belonging to the Araucariaceae, Cupressaceae, and possibly
Pinaceae; monocots belonging to Araceae, Arecaceae, and pos-
sibly Pandanaceae; and diverse nonmonocot angiosperms be-
longing to Lauraceae, possibly Annonaceae, Nelumbonaceae, Pla-
tanaceae, Fagaceae, Celastraceae, and Myrtaceae (Upchurch and
Mack 1998; Bogner et al. 2007; Estrada-Ruiz et al. 2011,
2012a, 2012b; Parrott and Upchurch 2017).
Material and Methods

Geologic Setting

The woods described in this article were collected from the
Upper Cretaceous McRae Formation in south-central New
Mexico (fig. 1), which represents the first basin fill in the Lara-
mide Love Ranch Basin of south-central New Mexico (Seager
et al. 1986, 1997; Amato et al. 2017). The formation is fluvial in
origin and was deposited in an alluvial plain to piedmont envi-
ronment, at least 200 km inland from the shoreline of the West-
ern Interior Seaway (Molenaar 1983; Roberts and Kirschbaum
1995; Estrada-Ruiz et al. 2012a) at approximately 397 paleo-
latitude. Carbonaceous beds indicative of swamp conditions
are virtually absent from the McRae Formation, in contrast
to most units that yield Late Cretaceous macrofloras from the
Western Interior.

The McRae Formation is divided into a lower Jose Creek
Member and an upper Hall Lake Member. The Jose Creek Mem-
ber and the lowermost part of the Hall Lake Member are now
dated as late Campanian (Amato et al. 2017), rather than Maas-
trichtian, in contrast to earlier publications (Lozinsky et al. 1984;
Upchurch and Mack 1998; Estrada-Ruiz et al. 2012a, 2012b).
This new age is based on U-Pb dates from multiple horizons within
the McRae Formation, including a volcanic clast from the base
of the Jose Creek Member, three volcanic ashes that span the
middle to upper Jose Creek Member, and a fourth volcanic
ash from the lower part of the overlying Hall Lake Member.
These dates range from 75.0 to 73.2 Ma. When accounting
for statistical uncertainty (52 j), this places the Jose Creek
Member in the age range of 76.1 to 172.5 Ma, older than the
currently accepted age of 72.1 5 0.2 Ma for the Campanian-
Maastrichtian boundary (Cohen et al. 2013).

Methods

The woods described in this article were collected from
multiple localities in the middle part of the Jose Creek Mem-
ber as float, in stratigraphic sections where the source of the
material could be constrained to the Jose Creek Member. Fos-
sil woods were studied using thin sections. The woods were
cut into blocks, glued to glass slides, sectioned, and ground until
the details of internal anatomy were fully visible. The blocks
and cover slips were affixed to slides using Norland optical ad-
hesive type 72, which was polymerized for times ranging from
half an hour with a sunlamp to overnight with an ultraviolet
lamp. Thin sections were observed with two microscopes, a
Zeiss photoscope I using brightfield optics, photographed with
a Cannon Eos Digital Rebel XSi camera (12-megapixel resolu-
tion), and a Zeiss Axio Zoom.V16, photographed with a cam-
era AxioCam MRc5 (5 megapixels) Zen 2012 (Blue Edition;
Zeiss Efficient Navigation).

Descriptions and quantitative data follow recommendations
of the International Association of Wood Anatomists (IAWA)
list of microscopic features for hardwood identification (IAWA
Committee 1989). For woods of Lauraceae, we use Richter’s
(1981, 1987) classification of vessel-ray parenchyma pits. Fol-
lowing the text description, we list the IAWA numerical codes
of the features we observed in the wood. A v following a feature
number indicates a tendency toward a feature or that it is of rare
occurrence; e.g., 14v indicates that scalariform perforation plates
are rare. A question mark after a feature number indicates that
we were unable to determine whether that feature was present;
e.g., 61? indicates we could not determine whether fiber pits
were simple. Quantitative features were based on 25 measure-
ments for each feature. We searched the InsideWood Database
(InsideWood 2004–; Wheeler 2011) to create lists of modern
and fossil taxa with anatomy similar to the McRae woods.
The search criteria are listed in the discussion of each wood
type, with feature numbers followed by the following codes:
“p” for present, “a” for absent, “r” for required present, and
“e” for required absent (i.e., excluded). We then consulted the
literature on the woods with matching features (e.g., Metcalfe
and Chalk 1950; Dickison 1967, 1979).

The fossil woods are housed in the Texas State University Pa-
leobotanical Collections, San Marcos, Texas. Individual pieces
of wood are given a specimen number preceded by the abbrevi-
ation TXSTATE. The slide number used for each illustration is
given in the figure captions preceded by “S.” Individual wood
localities have a two-part number preceded by “Texas State
University Paleobotanical Locality”; the number consists of
the collection year (four digits) followed by a two-digit identifier.
Specimens and locality data are archived in the Texas State Uni-
versity Paleobotanical Collections. Detailed locality data are not
provided in this report because the localities occur on private
land, and looting of fossil wood localities is common in the west-
ern United States.

Minimum axis diameter was calculated to determine possible
growth habit for the fossil woods and provide data for future
paleoecological studies. For nearly complete axes (i.e., axes
rounded in cross section with a central nonwoody region), the
maximum diameter of the actual axis was measured. For spec-
imens that represented fragments of a much larger piece of wood,
minimum axis diameter was estimated by calculating minimum
radius and multiplying by 2. Minimum radius was calculated
by aligning two rulers along the rays and measuring the distance
from where the two rulers intersected to the distal edge of the
specimen. When the measurements of the two rulers differed,
the larger measurement was used to calculate minimum radius.

Because wood in the fossil record represents a mixture of
branch wood, trunk wood, and root wood, a small diameter can-
not be used by itself as an indicator of small stature. However,
when there is an absence of anatomical features typical of vines
and the minimum axis diameter exceeds 10 cm, we inferred tree
habit. In forest ecology, 10-cm-diameter breast height is typically
used as the cutoff between trees and saplings/shrubs.



Fig. 1 Maps showing the location and geology of the study area.
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Higher-level systematics follows APG IV (Angiosperm Phy-
logeny Group 2016). We use taxonomic names proposed by
Chase and Reveal (2009) supplemented by informal names
for well-corroborated clades. We present our taxonomic de-
scriptions by the level of comparability to extant families, orders,
and higher-level clades.

Results

Systematic Paleobotany

Magnoliids

Order—Laurales

Family—Lauraceae

Genus—Laurinoxylon Felix

Species—Laurinoxylon rennerae Estrada-Ruiz, Wheeler,
Upchurch, et Mack, sp. nov. (Fig. 2)

Specific diagnosis. Growth rings indistinct, wood diffuse po-
rous; vessels solitary and in radial multiples of 2 or 3 (up to 4);
perforation plates predominantly simple, some scalariform with
fewer than 10 bars per perforation plate; intervessel pits alternate
and sometimes appearing opposite; vessel-axial parenchyma and
vessel-ray parenchyma pits with reduced borders (Richter class b);
fibers predominantly nonseptate, rarely septate; axial paren-
chyma scanty paratracheal to vasicentric; multiseriate rays up
to 4 cells wide, heterocellular with 1 (or 2) marginal rows of up-
right and square cells; oil cells in the rays.

Etymology. In honor of Dr. Susanne Renner and in recog-
nition of her contributions to the phylogeny of Lauraceae.

Holotype hic designatus. Specimen TXSTATE 1222.
Stratigraphic horizon. Jose Creek Member, McRae For-

mation.
Locality. Texas State University Paleobotanical Locality

1991-15/16.
Age. Late Campanian.
Description in IAWA feature numbers. 2, 5, 13, 14v, 15v,

22, 23, 25, 31, 32, 41, 47, 52?, 53?, 54?, 56, 61? 62? 65v, 66,
69, 78, 79v, 92, 98, 106, 107v, 115, 124.

Description. Description based on one sample. Growth
rings indistinct to absent. Wood diffuse porous. Vessels solitary
(36%) and in radial multiples of 2 or 3 (4); circular to oval in
outline (fig. 2A, 2B); mean tangential vessel diameter 84 mm
(range p 40–136, SD p 21.6), and 19 vessels/mm2 (range p
13–26, SD p 4.3; fig. 2A); perforations simple (fig. 2C) and
rarely scalariform with fewer than 10 bars (fig. 2D, arrow); in-
tervessel pitting medium (8–10 mm), alternate and rarely appear-
ing opposite, polygonal in outline, with elliptical apertures (fig. 2C);
vessel-axial parenchyma and vessel-ray parenchyma pitting with
reduced borders, pits vertically and horizontally elongate (sca-
lariform, gash-like) to round (Richter class b; fig. 2D, 2E); abun-
dant thin-walled tyloses present (fig. 2D, 2F). Axial parenchyma
apotracheal diffuse and scanty paratracheal to vasicentric (fig. 2B),
usually 3–6 cells per axial parenchyma strand. Rays multiseriate,
2–4 cells wide, uniseriate rays rare (fig. 2F), rays heterocellular
with procumbent body cells and usually 1 or 2 marginal rows
of square cells (fig. 2F, 2G), rarely more, up to 4 marginal rows;
multiseriate rays 5–34 cells high, and 396 mm high (range p
155–888, SD p 169). Rays 9 per millimeter (range p 7–12;
fig. 2F). Oil cells generally in the ray margins, barrel shaped
(fig. 2G, arrows). Fibers, nonseptate and very rarely septate, with
medium-thick walls, pitting not observed (fig. 2F).

Remarks. This wood has a combination of features re-
stricted to Lauraceae (Richter 1981, 1987). We searched the
InsideWood Database for diffuse porous wood (5p), simple per-
foration plates (13p) and scalariform perforation plates with
fewer than 10 bars (14p, 15p), alternate intervessel pitting (22p),
vessel-ray parenchyma pits with reduced borders (32p), nonsep-
tate fibers (66p), scanty paratracheal parenchyma (78p), but not
aliform to confluent or banded parenchyma (80e, 83e, 85e, 86e),
rays mostly 3 or 4 seriate (absence of exclusively 1 seriate and
110 seriate; 96e, 99e) generally with 1–4 rows of upright cells
(absence of homocellular rays: 104e, 105e; absence of 14 rows
of upright cells: 108a), and oil cells in rays (124r). This com-
bination of characters returned species of these lauraceous gen-
era: Aspidostemon, Endlicheria, Laurus, Lindera, Litsea, Ma-
chilus, Nectandra, Neolitsea, and Ocotea. Of these genera, only
Laurus, Lindera, and Litsea have species with oil cells only
associated with ray parenchyma. These three genera are in a
group variously referred to as Cinnamomeae Nees, Laureae
Maout & Decaisne, or Lauroideae Burnett/core Lauraceae (Ste-
vens 2001–).

As Page (1967) noted, using the name Ulminium for laura-
ceous wood is unfortunate, because that name suggests affin-
ities with the Ulmaceae. However, Ulminium Unger 1842 has
nomenclatural priority over Laurinoxylon Felix 1883. Recently,
Doweld (2017) formally proposed that Laurinoxylon Felix be
conserved over Ulminium as a name for fossil lauraceous woods.
There have been earlier suggestions that Laurinoxylon, rather
than Ulminium, be used (e.g., Süss 1958). Although Doweld’s
proposal has not been formally accepted, we agree with Doweld’s
argumentation and are using Laurinoxylon.

Dupéron et al. (2008, p. 1) examined Unger’s original ma-
terial and proposed an emended diagnosis of Laurinoxylon
(Unger): “heteroxylous fossil wood with average sized solitary
vessels or in radial groups; perforation plates simple and some-
times scalariform; intervascular pits alternate and moderately
large; thyloses [sic] present. Paratracheal parenchyma. Uni
to five seriate rays, slightly heterocellular and less than 1 mm
high; ray-vessel pits large often stretched. Libriform or with ra-
dial pits fibres. Oil cells or mucilage (idioblasts) present.”
Mantzouka et al. (2016) suggested that idioblast location is
important for creating groups of Laurinoxylon species. Because
idioblasts in this McRae wood only occur associated with ray
parenchyma, it falls into their type 1 group (oil cells only associ-
ated with rays).

Woods of Lauraceae are common in the fossil record
(Dupéron-Laudoueneix and Dupéron 2005; Gregory et al. 2009).
Woods with characteristics of Laurinoxylon, some under the
name of Ulminium, have been reported from the Cretaceous
of North America, Europe, and Asia and the Paleogene of North
America, Europe, and South America (e.g., Page 1967; Romero
1970; Wheeler et al. 1977; Crawley 1989; Brea 1995; Wheeler
and Manchester 2002; Philippe et al. 2008; Gregory et al. 2009).
Of the Cretaceous woods with features of Laurinoxylon, only
Ulminiumkokubunii has the combination of simple and scalari-
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form perforation plates (table 1). Ulminium kokubinii differs
from L. rennerae in having distinct growth rings, semi-ring-
porosity, rays only up to 3 cells wide, oil cells associated with
axial parenchyma, and predominantly homocellular rays (Ta-
kahashi and Suzuki 2003). We propose the new combination
Laurinoxylon kokubunii (Takashi et Suzuki) Estrada-Ruiz,
Wheeler, Upchurch, et Mack, comb. nov.

The minimum axis diameter of the holotype is 50 cm. This
indicates that the parent plant was a tree, like most extant
Lauraceae.
Fig. 2 Laurinoxylon rennerae Estrada-Ruiz, Wheeler, Upchurch, et Mack, sp. nov. Holotype (TXSTATE 1222) Lauraceae. A, Transverse
section (TS). Diffuse porous wood with vessels solitary and in radial multiples. TXSTATE 1222–S1. Scale bar p 104 mm. B, TS. Scanty
paratracheal parenchyma (arrow). TXSTATE 1222-S1. Scale bar p 35 mm. C, Radial longitudinal section (RLS). Simple perforation plate
and crowded alternate intervessel pits. TXSTATE 1222-S9. Scale bar p 45 mm. D, RLS. Scalariform perforation plate (arrow) and horizontally
elongate vessel-ray parenchyma pits with reduced borders, tyloses in vessel. TXSTATE 1222-S9. Scale bar p 33 mm. E, RLS. Vessel-ray paren-
chyma pits with reduced borders. TXSTATE 1222-S9. Scale bar p 23 mm. F, Tangential longitudinal section. Multiseriate rays, tyloses in vessel.
TXSTATE 1222-S6. Scale bar p 145 mm. G, RLS. Heterocellular rays, procumbent body cells and square to upright marginal cells, oil cells
common in ray margins (arrows). TXSTATE 1222-S10. Scale bar p 72 mm.
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Eudicots

?Dilleniales

Genus—Turneroxylon gen. nov. Estrada-Ruiz, Wheeler,
Upchurch, et Mack, gen. nov. (Fig. 3)

Type Species—Turneroxylon newmexicoense Estrada-Ruiz,
Wheeler, Upchurch, et Mack, sp. nov.

Etymology. In honor of Ted Turner, owner of the Armen-
daris Ranch, locality of the fossil wood, and in recognition of
his numerous contributions to the conservation of plant and
animal species.

Generic diagnosis. Growth rings indistinct, wood diffuse
porous; predominantly solitary vessels, rarely in multiples of 2;
perforation plates exclusively scalariform. Intervessel pits mostly
opposite, sometimes scalariform; vessel-ray parenchyma pits
mostly with distinct borders, some horizontally elongate with re-
duced borders; axial parenchyma apotracheal, diffuse and rarely
diffuse in aggregates; nonseptate fibers with distinctly bordered
pits, vasicentric tracheids present; rays heterocellular, uniseriate,
and multiseriate (14 seriate), tending to 2 distinct sizes.

Type species. Turneroxylon newmexicoensis.
Etymology. Referring to the state of New Mexico, where

the fossil was collected.
Synonymy. Ericales type 1, Estrada-Ruiz et al. 2012b,

fig. 5A, 5B.
Specific diagnosis. As for genus.
Holotype hic designatus. Specimen TXSTATE 1213.
Stratigraphic horizon. McRae Formation, Jose Creek Mem-

ber.
Locality. Texas State University Paleobotanical Locality

1991-17.
Age. Late Campanian.
Description in IAWA feature numbers. 2, 5, 9, 14, 16, 17,

30, 31, 32, 41, 47, 54, 56, 60, 62, 63, 66, 76, 77v, 98, 103v,
106, 107, 108, 115.
Description. Description based on one specimen. Growth
rings indistinct to absent. Wood diffuse porous. Vessels pre-
dominantly solitary (190%; fig. 3A, 3B), oval in outline.
Mean tangential diameter 80 mm (range p 56–100, SD p
11), and 14 vessels/mm2 (range p 8–22, SD p 3.6). Perfora-
tion plates scalariform, with 21 bars per plate (range p 13–
31, SD p 5), some bars forked (fig. 3C). Intervessel pits not
observed. Vessel-ray parenchyma pits with both distinct bor-
ders and reduced borders (round to horizontally elongate shape;
fig. 3D, 3E, arrows). Mean vessel element length 844 mm (rangep
560–1480, SD p 202). Tyloses present, bubble-like (fig. 3F).
Axial parenchyma apotracheal, diffuse and rarely diffuse in ag-
gregates (fig. 3A, 3B), over 5 cells per axial parenchyma strand.
Rays heterocellular, uniseriate, and multiseriate, tending to 2
distinct sizes (fig. 3G). Uniseriate rays with square and procum-
bent cells in the body, 2–30 cells high, and 466mm high (rangep
24–1272, SDp 271.5). Multiseriate rays with procumbent cells
in the body, usually 1–2 marginal rows (up to 7) with square to
upright marginal cells (fig. 3G, 3I). Body of multiseriate rays is
generally 3–6 (–8) cells wide, 70 mm wide (range p 24–96, SD p
17.5), multiseriate rays 10–42 cells high, 545 mm high (range p
192–1008, SD p 206). Rays 6–15 per millimeter. Fibers non-
septate, with walls of medium thickness (fig. 3F) with distinctly
bordered pits in tangential and radial walls. Vasicentric tra-
cheids with 1 row of bordered pits, pits visible in both tangential
and radial sections (fig. 3H).

Remarks. Turneroxylon newmexicoense has many of the
features that characterize woods of extant Dilleniaceae. These
include the presence of diffuse porous wood (5p) with more
than 90% solitary vessels (9p) that are randomly arranged
(6a, 7a, 8a), scalariform perforation plates (14p) with fewer
than 50 bars per plate, vessel-ray parenchyma pits with dis-
tinct borders (30p) and also with reduced borders (31p, 32p)
vasicentric tracheids (60p), and multiseriate rays more than
4 cells wide (98p). This suite of features is present in the sub-
families Dillenioideae (e.g., Dillenia) and Delimioideae (Tetracera;
Dickison 1967, 1979; InsideWood 2004–). Both subfamilies
Table 1

Comparison of Select Cretaceous Northern Hemisphere Laurinoxylon Species
Species
 RMs
 VTD
 V/mm2
 PP
 VRP

Septate
fibers
 Oil cells
 RW
Laurinoxylon pattersonensisa
 5
 82–116
 !20
 Simple
 Large, horizontally
elongate
Yes
 Rays
 Up to
3

Laurinoxylon mulleria
 4
 81–127
 !20
 Simple
 ?
 Yes
 Rays
 Up to
4

Laurinoxylon (Page Group
XIA)b, c
4
 58–98
 !40
 Simple
 Reduced borders,
simple
Yes
 Rays, among
fibers
Up to
3

Laurinoxylon kokubuniid
 4
 45–115
 24–32
 Simple and
scalariform
Alternate, simple and
round
Yes
 Axial parenchy-
ma
Up to
3

Laurinoxylon rennerae
 4
 40–136
 13–26
 Simple and
scalariform
Round, vertically and
horizontally elongate
Yes
 Rays
 Up to
4

Note. RMs p maximum number of vessels in a radial multiple; VTD p range tangential vessel diameter in mm; V/mm2 p vessel elements
per square millimeter; PP p perforation plate type; VRP p vessel-ray parenchyma pits; RW p ray width in cell number. Underlined p
Laurinoxylon rennerae.

a (Page) Prakash et Tripathi 1974.
b Page 1980.
c InsideWood 2004–.
d (Takahashi and Suzuki) Estrada-Ruiz, Wheeler, Upchurch et Mack; this article.
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also have axial parenchyma that is diffuse and diffuse in aggre-
gates. The most notable difference between our fossil and the
extant subfamilies Dillenioideae and Delimioideae is ray size.
In Turneroxylon, the rays tend to be of two distinct sizes, and
the maximum ray width is 8 cells. In Dillenioideae and Dili-
mioideae, the rays obviously are of two distinct sizes, and the
multiseriate rays are 10 or more cells wide (Dickison 1967,
1979; InsideWood 2004–).

Among fossil woods from the Western Interior, T. newme-
xicoense is most similar to DB.D1 Xylotype 2 from Paleocene
of the Denver Basin (Wheeler and Michalski 2003). DB.D1
Xylotype 2 differs from Turneroxylon in having more bars
per perforation plate (22–45 bars), rays clearly of two distinct
sizes, and sheath cells (table 2).

Page (1979, 1980, 1981) created groupings, based on ana-
tomical features, for the Californian Maastrichtian woods she
studied. Turneroxylon falls into her group IIIB. Pores mostly
solitary, perforations scalariform, bars averaging fewer than
50. Parenchyma mostly apotracheal. She further divided that
group based on intervessel pits, a feature we did not observe.
Fig. 3 Turneroxylon newmexicoensis Estrada-Ruiz, Wheeler, Upchurch, et Mack, gen. et sp. nov. Holotype (TXSTATE 1213). A, Trans-
verse section (TS). Diffuse porous wood with solitary vessels, overlapping end walls giving appearance of vessel pairs. TXSTATE 1213-S3. Scale
bar p 200 mm. B, TS. Solitary vessels, diffuse axial parenchyma (arrows). TXSTATE 1213-S3. Scale bar p 70 mm. C, Tangential longitudinal
section (TLS). Scalariform perforation plate, some bars are forked. TXSTATE 1213-S10. Scale bar p 48 mm. D, Radial longitudinal section
(RLS). Vessel-ray parenchyma pits with reduced borders, some appearing simple (arrows). TXSTATE 1213-S10. Scale bar p 12.5 mm. E, RLS.
Vessel-ray parenchyma pits with distinct borders. TXSTATE 1214-S6. Scale bar p 23 mm. F, TLS. Tyloses, bubble-like. TXSTATE 1213-S4. Scale
barp 56mm.G, TLS. Multiseriate rays, composed of cells of varying shapes, some cells with dark contents. TXSTATE 1213-S4. Scale barp 100 mm.
H, TLS. Vasicentric tracheids with one row of bordered pits. TXSTATE 1213-S4. Scale bar p 30 mm. I, RLS. Heterocellular ray with procumbent
cells in the body. TXSTATE 1213-S9. Scale bar p 105 mm.
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None of the 12 specimens she assigned to her group IIIB are
comparable to Turneroxylon. CASG 60122, CASG 60125,
CASG 60127, CASG 60128, CASG 60129, CASG 60131,
CASG 60132, CASG 60133, CASG 60134, CASG 60206,
and CASG 60207 differ because they do not have vasicentric
tracheids; they also differ in some ray features (width, cellular
composition). CASG 60135 has vasicentric tracheids, but its
rays are only 2 or 3 cells wide, and perforation plates have
fewer than 15 bars.

The minimum axis diameter of T. newmexicoense is diffi-
cult to estimate because some parts of the sample are twisted.
The holotype represents an angular fragment from one side of
a large axis and measures approximately 5 cm # 6 cm in
cross section. Estimates of its minimum axis diameter range
from 12 to 24 cm, indicating Turneroxylon was a tree.

Core Eudicots

Order and Family—Uncertain

Genus—Mcraeoxylon gen. nov. Estrada-Ruiz, Wheeler,
Upchurch, et Mack, gen. nov. (Figs. 4, 5)
Fig. 4 Macraeoxylon wadellii Estrada-Ruiz, Wheeler, Upchurch, et Mack, gen. et sp. nov. Holotype (TXSTATE 1201) and paratype
(TXSTATE 1225). A, Transverse section (TS). Growth rings indistinct, diffuse porous wood. TXSTATE 1201-S1. Scale bar p 200 mm. B,
TS. Solitary vessels rounded in outline, and diffuse axial parenchyma. TXSTATE 1201-S1. Scale bar p 100 mm. C, TS. Cavities probably
representing root penetration. TXSTATE 1201-S2. Scale bar p 250 mm. D, Bark. TXSTATE 1225-S1. Scale bar p 176 mm. E, TS. Detail
of the bark showing different types of cells and apparently fibers (arrows). TXSTATE 1225-S1. Scale bar p 140 mm.



Fig. 5 Macraeoxylon wadellii Estrada-Ruiz, Wheeler, Upchurch, et Mack, gen. et sp. nov. Holotype (TXSTATE 1201) and paratype
(TXSTATE 1225). A, Radial longitudinal section (RLS). Simple perforation plates. TXSTATE 1201-S13. Scale bar p 50 mm. B, Tangential lon-
gitudinal section (TLS). Alternate to scalariform intervessel pits. TXSTATE 1201-S14. Scale bar p 20 mm. C, RLS. Vessel-ray parenchyma pits
with reduced borders (arrows). TXSTATE 1201-S13. Scale bar p 40 mm. D, RLS. Vessel-ray parenchyma pits with elongated shape (arrow).
TXSTATE 1201-S13. Scale bar p 16 mm. E, TLS. Axial parenchyma strand (arrows). TXSTATE 1201-S13. Scale bar p 60 mm. F, TLS.
Uniseriate rays and septate fibers (arrows). TXSTATE 1201-S14. Scale p 80 mm. G, RLS. Heterocellular ray with intermixed upright, square,
and procumbent cells. TXSTATE 1201-S13. Scale bar p 130 mm.
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Type Species—Mcraeoxylon waddellii Estrada-Ruiz,
Wheeler, Upchurch, et Mack, sp. nov.

Etymology. Referring to the McRae Formation, where the
fossil wood was collected.

Generic diagnosis. Growth rings indistinct; vessels soli-
tary and in short radial multiples, perforation plates simple;
intervessel pits alternate to scalariform; vessel-ray parenchyma
pits with reduced borders; axial parenchyma rare, some apotra-
cheal diffuse; septate and nonseptate fibers; rays heterocellular,
predominantly uniseriate, rarely biseriate.

Type Species—Mcraeoxylon waddellii Estrada-Ruiz,
Wheeler, Upchurch, et Mack, sp. nov.

Etymology. In honor of Tom Waddell, manager of the
Armendaris Ranch, the source of the fossil wood, and in rec-
ognition of his invaluable assistance.

Synonymy. Malpighiales, Estrada-Ruiz et al. 2012b, fig. 5E,
5F.

Specific diagnosis. As for genus.
Holotype hic designatus. Specimen TXSTATE 1202.
Paratype hic designatus. Specimen TXSTATE 1225.
Stratigraphic horizon. McRae Formation, Jose Creek Mem-

ber.
Locality. Texas State University Paleobotanical Locality

1992-01, float below Fossil Forest Bed.
Age. Late Campanian.
Description in IAWA feature numbers. 2, 5, 13, 20, 21v,

22, 24, 25, 26, 27, 31, 32, 41, 49, 53, 61?, 62?, 65, 66, 69,
75, 76v, 96, 97v, 109, 115, 116.

Description. Description based on two samples of wood
(fig. 4A–4D) and the remains of bark tissue (fig. 4D, 4E).
Growth rings indistinct to absent. Wood diffuse porous. Vessels
solitary, and occasionally in radial multiples of 2 or 3 (fig. 4A,
4B). Mean tangential diameter of 58 mm (range p 25–88), and
67 vessels/mm2 (range p 44–83). Simple perforation plates
(fig. 5A), intervessel pits alternate to scalariform (fig. 5B);
vessel-ray parenchyma pits round to oval and horizontally elon-
gated with reduced borders (fig. 5C, 5D). Mean vessel element
length 420 mm (range p 280–616, SD p 86.7). Tyloses present
in some vessels. Axial parenchyma rare, apotracheal diffuse
(figs. 4A, 4B, 5E), strands of axial parenchyma 16 cells long
(fig. 5E). Rays heterocellular, predominantly uniseriate (fig. 5F),
rarely biseriate; uniseriate rays 11 cells (range p 2–28) and
342 mm high (range p 112–776); rays composed of intermixed
upright, square, and barely procumbent cells (fig. 5G). Rays
abundant, 18–27 per millimeter (fig. 5F). Fibers with medium-
thick walls, septate and nonseptate (fig. 5E, 5F); pits not ob-
served. Randomly distributed cavities present in the wood and
periderm (fig. 4C, 4D), source uncertain. Bark consisting of
elongate thin-walled cells arranged in radial files (fig. 4D, 4E)
that are intermixed with isodiametric cells (fig. 4E) and some
fibers (fig. 4E, arrows).

Remarks. This wood has a combination of characteristics
uncommon in fossil woods from the Campanian-Maastrichtian
of western North America: indistinct growth rings (2p), diffuse
porosity with vessels solitary and in short radial multiples (5p,
6a, 7a, 8a, 9a, 10a, 11a, 12a), simple perforation plates (13p),
alternate intervessel pitting that is not minute (22p, 24a), vessel-
ray pitting with reduced borders (31p), septate and nonseptate
fibers (65p, 66p), rare axial parenchyma (75p), nonstoried nar-
row rays, mostly uniseriate, occasionally biseriate, over 10 rays
per millimeter (98a, 99a, 116p, 118a).

Among extant angiosperms, this combination of features
occurs in seven families of core eudicots: Achariaceae, Hyperi-
caceae, Phyllanthaceae, and Salicaceae of the Malpighiales; Ly-
thraceae and Melastomataceae of the Myrtales; and Elaeocar-
paceae of the Oxalidales. Determining the relationships of this
wood to a single family or order does not seem possible at this
time. Problems with this wood mimic those that Page (1981) en-
countered when working with the small-diameter axes from the
Maastrichtian of California. This McRae wood is a small axis (ju-
venile wood); the bulk of information on wood anatomy is for
mature wood of trees and large shrubs. This plant’s living relatives
may be ones whose anatomy has never been described.
Table 2

Comparison between Turneroxylon newmexicoense and DB.D1Xylotype 2 from Denver Basin
Features
 DB.D1Xylotype 2
 Turneroxylon newmexicoense
RMs
 Up to 2
 Up to 2

TVD
 93
 80 (56–100) mm

V/mm2
 8–14
 8–22

Bars/PP
 22–45
 13–31

Intervessel pits
 Not observed
 ?Opposite to some scalariform

V-RPP
 ?Distinct to reduced borders
 Distinct to reduced borders

APAR
 Rare
 Apotracheal diffuse to diffuse in aggregates

Vasicentric tracheids
 Present
 Present

Sheath cells
 Present
 ?

URH
 ...
 2–30 cells and 24–1272 mm high

MSRW
 4–8 cells
 3–6 cells and 24–96 mm wide

MSRH
 847 mm high
 10–42 cells and 192–1008 mm high
Note. RMs p maximum number of vessels in a radial multiple; VTD p tangential vessel diameter; V/mm2 p
vessel elements per square millimeter; B/PP p number of bars per scalariform perforation plate; VRP p vessel-ray
parenchyma pits; APAR p axial parenchyma; URH p uniseriate ray height; MSRW p width of multiseriate rays;
MSRH p multiseriate ray height.
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Among fossil angiosperms, this particular combination of
features (i.e., indistinct growth rings, diffuse porosity, simple
perforation plates, vessel-ray pitting with reduced borders, sep-
tate and nonseptate fibers, rare axial parenchyma and uniseriate
rays) occurs in Fulleroxylon armendarisense Estrada-Ruiz et al.
from the McRae Formation, New Mexico (Estrada-Ruiz et al.
2012a). Fulleroxylon armendarisense differs from Mcraeoxylon
in having vessels with a tendency to be of two distinct diameter
classes, tyloses common in wide vessels, segmented and bubble-
like, and vasicentric tracheids (Estrada-Ruiz et al. 2012a).

The holotype is the larger axis and measures 2.4 cm # 3 cm
in diameter. Growth habit of the source plant of this wood type
is unknown because these small-diameter axes could represent
shrubs, early stages of growth or branches of trees, or a vine
without the syndrome of two distinct sizes of vessels.

Order and Family—Uncertain

McRae Angiosperm Wood Type 1 (Fig. 6)

Synonymy. Ericales type 2, Estrada-Ruiz et al. 2012b,
fig. 5C, 5D.

Studied specimens. TXSTATE 1214, 1224.
Stratigraphic horizon. McRae Formation, Jose Creek Mem-

ber.
Locality. Texas State University Paleobotanical Locality

1991-13.
Age. Late Campanian.
Description in IAWA feature numbers. 2, 5, 9, 14, 17,

20v, 21, 30, 40, 41, 48, 49, 54, 60, 62, 66, 69, 76, 98,
102, 109, 116.

Description. Description, mean values, and ranges of vessel
diameter and density based on two specimens. Growth rings in-
distinct to absent. Wood diffuse porous. Vessels predominantly
solitary (190%; fig. 6A, 6B), round to oval in outline. Vessel di-
ameter difficult to measure because of compression of the sam-
ple (fig. 6A); mean tangential diameter 68 mm (rangep 16–112,
SD p 19.5); 36 vessels/mm2 (range p 22–63, SD p 8). Per-
foration plates scalariform, 32 bars per plate (range p 24–
44, SD p 6), some bars forked (fig. 6C, 6D). Intervessel pitting
opposite, 4–8 mm across, sometimes scalariform pits at the ends
of vessel elements (fig. 6D). Vessel-ray parenchyma pits with
distinct borders (fig. 6E, 6F). Mean vessel element length 905 mm
(range p 464–1520, SD p 229). Tyloses not observed, some
vessels with yellow deposits. Axial parenchyma mostly apo-
tracheal diffuse (fig. 6A, 6B). Some parenchyma strands with
small pits visible in longitudinal section, more than 5 cells per
axial parenchyma strand. Rays heterocellular, uniseriate, and
multiseriate (fig. 6G, 6H, 6J). Uniseriate rays with intermixed
procumbent and square cells, ray height 2–12 cells and 309 mm
(range p 112–664, SD p 170). Multiseriate rays 2–6 (–9) seri-
ate, generally with intermixed procumbent and square cells in
the body, 1 to more than 4 rows of square to upright marginal
cells (fig. 6G). Multiseriate rays, aggregated in some parts of the
wood, maybe in response wounding. Body of multiseriate rays
59 mm wide (range p 20–100, SD p 19.5), multiseriate rays
12–53 cells high, and 951 mm high (range p 384–2176, SD p
474). Rays abundant, 14–20 per millimeter. Septate and non-
septate fibers, with walls of medium thickness. Fibers with 1
or 2 rows of bordered pits in radial and tangential walls.
Vasicentric tracheids with 2 rows with distinctly bordered pits
(fig. 6I).
Remarks. The combination of indistinct growth rings (2p),

diffuse porous wood (5p), exclusively solitary vessels (9p), sca-
lariform perforation plates with 22–42 bars (14p, 17p) oppo-
site intervessel pits (21p, 22a), vessel-ray parenchyma pits with
distinct borders (30p), vasicentric tracheids (60p), fibers with
distinctly bordered pits (62p), nonseptate fibers (66p), multi-
seriate rays more than 4 seriate (98p) and that are not composed
of only procumbent cells (104a) occur in four genera that be-
long to separate families and orders of eudicots: Dillenia (Dil-
leniaceae, Dilleniales), Diplycosia (Ericaceae, Ericales), Micro-
desmis (Pandaceae, Malpighiales), and Styloceras (Buxaceae,
Buxales; InsideWood 2004–). Because this sample has features
found in at least four genera, families, and orders, we refrain
from proposing a formal name at this time and are following
the approach Page (1981) took and referring to them only as
a wood type.

Among Northern Hemisphere Cretaceous and Paleogene
fossils, McRae angiosperm wood type 1 is most similar to
DB.D1 Xylotype 2 from the Paleocene of the Denver Basin
(Wheeler and Michalski 2003; InsideWood 2004–). It, however,
is different from DB.D1 Xylotype 2, which has fewer vessels per
square millimeter, rays of two distinct sizes, and sheath cells in
some rays. McRae angiosperm wood type 1 falls into Page’s
group III–B2, characterized by pores mostly solitary, perfora-
tions scalariform, bars averaging less than 50. Axial parenchyma
mostly apotracheal, vessel pits opposite-transitional (Page 1979,
1980, 1981). However, none of the 10 samples she assigned to
this group have vasicentric tracheids.

The minimum axis diameter of the larger specimen is 21 cm.
This indicates that the parent plant was a small tree or larger,
depending on whether the specimen represents trunk wood or
branch wood.

Discussion

The woods reported here expand our understanding of an-
giosperm diversity and physiognomy during the Late Creta-
ceous of the Western Interior of North America. Laurinoxylon
rennerae represents the first wood record of Lauraceae from the
Jose Creek Member of the McRae Formation. Leaves of Laura-
ceae are also present in the Jose Creek Member and comprise
both pinnate and palmately veined taxa (Upchurch and Mack
1998). Laurinoxylon rennerae has a minimum axis diameter
of 50 cm, which indicates that at least some Jose Creek Laura-
ceae were trees. Lauraceae have an abundant Cretaceous fossil
record that includes leafmacrofossils, dispersed cuticles, permin-
eralized and charcoalified wood, and reproductive structures
(e.g., Drinnan et al. 1990; Upchurch and Dilcher 1990; Heren-
deen 1991; Upchurch 1995). In North America, lauraceous
woods with oil cells are known from the late Campanian to
Maastrichtian of California, New Mexico, and Mexico (Page
1967; Estrada-Ruiz et al. 2010).
Paraphyllanthoxylon, possibly Lauraceae but without oil

cells, occurs in many Cretaceous wood floras (Gregory et al.
2009). Woods of some extant Lauraceae have the combination
of features seen in Paraphyllanthoxylon, and there is one in-
stance of a Cretaceous stem with Paraphyllanthoxylon anatomy
attached to a lauraceous reproductive structure (Herendeen
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1991). Recently, Jud et al. (2017) described a new species of
Paraphyllanthoxylon from the Upper Cretaceous (Coniacian)
Comox Formation on Vancouver Island. The tangential sec-
tions of the wood from the Comox Formation show rays with
occasional inflated cells that have dark contents, suggesting
oil cells and affinity with Lauraceae. Given the abundance of
lauraceous leaves in the Late Cretaceous, it is probable that other
Northern Hemisphere species of Paraphyllanthoxylon also are
Lauraceae.

The eudicots described here cannot be placed with confidence
in any single extant family. Turneroxylon newmexicoensis re-
sembles two subfamilies of Dilleniaceae in most of its features
but differs in having narrower rays. In Turneroxylon, multi-
seriate rays are no more than eight cells wide (generally up to
Fig. 6 McRae wood type 1. TXSTATE 1214. A, Transverse section (TS). Diffuse porous wood with solitary vessels. TXSTATE 1214–S2.
Scale bar p 260 mm. B, TS. Solitary vessels, diffuse parenchyma (arrows). TXSTATE 1214-S2. Scale bar p 70 mm. C, Radial longitudinal sec-
tion (RLS). Scalariform perforation plate, some bars are forked. TXSTATE 1214-S6. Scale bar p 60 mm. D, RLS. Opposite intervessel pits and
scalariform perforation plate. TXSTATE 1214-S6. Scale bar p 32 mm. E, RLS. Vessel-ray parenchyma pits with distinct borders. TXSTATE
1214-S6. Scale bar p 14.5 mm. F, RLS. Vessel-ray parenchyma pits with distinct borders in procumbent ray cells. TXSTATE 1214-S6. Scale
bar p 40 mm. G, Tangential longitudinal section (TLS). Multiseriate rays with cells of varying shapes. TXSTATE 1214-S5. Scale bar p 90 mm.
H, TLS. Uniseriate and biseriate ray and parenchyma strands. TXSTATE 1214-S5. Scale bar p 75 mm. I, TLS. Vasicentric tracheids. TXSTATE
1214-S6. Scale bar p 35 mm. J, RLS. Heterocellular ray. TXSTATE 1214-S6. Scale bar p 120 mm.
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six), while in similar Dilleniaceae, multiseriate rays are 10 or
more cells wide (Dickison 1967, 1979). Turneroxylon shows
similarity to other Cretaceous woods that have features found
in Dilleniaceae (Page 1979, 1980). No leaves of Dilleniaceae
have been validly identified from the Late Cretaceous of North
America. This could simply reflect differences in the preserva-
tion of leaves and wood, but it also could reflect a lack of critical
analysis of fossil leaves assigned to Fagales. Leaves of Fagales,
such asTicodendron,Castanea, and Fagus, show many features
in common with those of Dilleniaceae (excludingHibbertia) but
differ in details of tooth structure and higher-order venation
(Hickey and Taylor 1991).

Mccraeoxylon wadellii has a suite of features that occur in
multiple orders. This situation finds a parallel with some
woods (e.g., Metcalfeoxylon, Sabinoxylon, Gregoryoxylon)
from other Cretaceous wood floras (e.g., Page 1981; Wheeler
et al. 1995; Wheeler and Lehman 2000, 2009; Falcon-Lang
et al. 2012). McRae angiosperm wood type 1 has a combina-
tion of features found in multiple extant orders of eudicots.
Many of these characters are relatively primitive, according to
the Baileyan model of wood evolution, and currently provide
little clear evidence about relationships.

According to the Baileyan model of wood evolution (e.g., Bai-
ley and Tupper 1918; Carlquist 1961), the presence of solitary
and long vessel elements, exclusively scalariform perforation
plates, fiber tracheids, and heterocellular rays is considered
primitive/plesiomorphic in angiosperms. These characteristics
are more common in Cretaceous woods than in Paleogene
woods (Wheeler and Baas 1991, 1993). Of the eight types of
fossil wood described from the McRae Formation, five have
characters considered primitive, such as long vessel elements,
scalariform perforation plates, and heterocellular rays. Only
three types of fossil wood have characters considered derived/
apomorphic, such as exclusively simple perforation plates
(e.g., Fulleroxylon, Pygmaeoxylon, and Mcraeoxylon). These
primitive characters seen in our woods are similar to what is
found in other Western Interior wood floras, such as the San
Juan Basin of New Mexico and Big Bend National Park, Texas
(Wheeler et al. 1995; Hudson 2006; Boucher 2017).

The high incidence of these primitive characters in Creta-
ceous angiosperm wood floras relative to those of the Cenozoic
might result from a narrower ecological niche for angiosperms
during the Cretaceous (e.g., Wing and Boucher 1998) and/or
early phylogenetic conservatism (Martínez-Cabrera et al. 2017).
A large number of early angiosperms are known from mesic sites
(e.g., Wing and Boucher 1998). Extant species with scalariform
and oblique perforation plates have high prevalence in mesic en-
vironments such as tropical montane and temperate forests (Baas
1976; Carlquist 2001), where they are at less of a competitive dis-
advantage relative to simple perforation plates. Early phyloge-
netic conservatism could have restricted anatomical variation
and niche expansion during the early phases of angiosperm evo-
lution (Martínez-Cabrera et al. 2017), with a significant in-
crease in plant size and hydraulic capacity occurring by the
end of the Cretaceous (Upchurch and Wolfe 1993; Feild et al.
2011).

Lower-latitude wood floras have dicot woods with advanced
characters not seen in more northern floras of similar age, sug-
gesting that paleolatitude and paleotemperature were impor-
tant factors in the evolution of angiosperm wood anatomy.
For example, in the late Campanian (Estrada-Ruiz et al. 2013)
wood flora of the Olmos Formation of Mexico there are three
dicot woods with simple perforation plates, homocellular rays,
and storied structure (Javelinoxylon, Quercinium, Wheelerox-
ylon; Wheeler et al. 1994; Estrada-Ruiz et al. 2010). As another
example, the Campanian wood flora of the Hefhuf Formation
of Egypt, located near the paleoequator, has multiple wood
types with the advanced characters of vasicentric and banded
axial parenchyma, despite low species diversity (Kamal El-
Din 2003; Kamal El-Din et al. 2006). As a third example, the
latest Cretaceous–earliest Paleocene Deccan wood flora, depos-
ited in the tropical thermal belt (Smith et al. 2015), is remark-
able for its essentially modern wood characteristics, such as a
low percentage of scalariform perforation plates, a low propor-
tion of exclusively solitary vessels, and a relatively high percent-
age of elaborate axial parenchyma patterns (Wheeler et al.
2017).

All described dicot woods from the McRae Formation have
anatomical characteristics consistent with the tropical/warm
subtropical temperatures and low-temperature seasonality in-
ferred for the Late Cretaceous of the southern Western Interior
(Wolfe and Upchurch 1987; Upchurch et al. 2015). For the Jose
Creek flora, one climatically informative wood anatomical
character is the absence of distinct and continuous growth rings
in all species of angiosperm wood, which indicates little season-
ality in temperature and the absence of winter dormancy.
Reinforcing evidence for low-temperature seasonality is the pres-
ence of multiple types of palms in the Jose Creek wood flora
(Estrada-Ruiz et al. 2012b) and multiple types of palms, cycads,
and Zingiberaceae in the leaf flora (Upchurch and Mack 1998;
Upchurch et al. 2017). The warm equable climate of the Jose
Creek Member, in combination with the high diversity of the leaf
flora and abundant preservation of fossil wood, suggests that fu-
ture studies will reveal many new types of wood and make sig-
nificant contributions to our understanding of the diversity of
woody angiosperms during the Late Cretaceous.
Acknowledgments

We thank the owner of the Armendaris Ranch, Ted Turner,
and ranch manager Tom Waddell (now retired) for allowing ac-
cess to their property and enthusiastically supporting our re-
search. We thank the Department of Geography, Texas State
University, for providing us with access to their thin-section lab-
oratory. We thank Susana Guzmán (IB-UNAM) for micropho-
tography assistance. Collection and early analysis of the fossil
woods was supported by National Science Foundation grant
BSR-9024820 to G. R. Upchurch, American Chemical Society
Petroleum-Research Fund grant to G. H. Mack, and funds of
the CONACyT (240241) granted to E. Estrada-Ruiz. This study
is based on the project Investigación Científica Básica, and
Posdoctoral Project of EER (Estancias Posdoctorales y Sabáticas
al Extranjero para la Consolidación de Grupos de Investigación
[137526 and 155404]) from CONACyT, Mexico, at the Depart-
ment of Biology, Texas State University, San Marcos, Texas.
The final phases of data analysis and manuscript preparation
were supported by National Science Foundation grant DEB
1655985 to G. R. Upchurch.



000 INTERNATIONAL JOURNAL OF PLANT SCIENCES
Literature Cited
Amato JM, GH Mack, TN Jonell, WR Seager, GR Upchurch 2017
Onset of the Laramide orogeny and associated magmatism in
southern New Mexico based on U-Pb geochronology. Geol Soc
Am Bull 129:1209–1226.

APG (Angiosperm Phylogeny Group) IV 2016 An update of the An-
giosperm Phylogeny Group classification for the orders and families
of flowering plants: APG IV. Bot J Linn Soc 181:1–20.

Baas P 1976 Some functional and adaptive aspects of vessel member
morphology. Pages 157–181 in P Baas, AJ Bolton, DM Catling,
eds. Wood structure in biological and technological research. Leiden
Botanical Series 3. Leiden University Press, Leiden.

Bailey IW, WW Tupper 1918 Size variation in tracheary cells. I. A com-
parison between the secondary xylems of vascular cryptogams, gym-
nosperms, and angiosperms. Proc Am Acad Arts Sci 54:149–204.

Bogner J, KR Johnson, Z Kvaček, GR Upchurch Jr 2007 New fossil
leaves of Araceae from the Late Cretaceous and Paleogene of west-
ern North America. Zitteliana A47:133–147.

Boucher L 2017 Reconstructing a Late Cretaceous woodland flora
from southern Laramidia using fossil leaves and woods. Paper
presented at Botany 2017, Fort Worth, Texas, 28 June.

Brea M 1995 Ulminium chubutense n. sp. (Lauraceae), leño permi-
neralizado del Terciario Inferior de Bahía Solano, Chubut, Argen-
tina. Ameghiniana 31:19–30.

Carlquist S 1961 Comparative plant anatomy: a guide to taxonomic
and evolutionary application of anatomical data in angiosperms.
Holt, Rinehart & Winston, New York. 146 pp.

——— 2001 Comparative wood anatomy: systematic, ecological,
and evolutionary aspects of dicotyledon wood. Springer, Berlin.

Chase MW, JL Reveal 2009 A phylogenetic classification of the land
plants to accompany APG III. Bot J Linn Soc 161:122–127.

Cohen KM, SC Finney, PL Gibbard, JX Fan 2013 The ICS interna-
tional chronostratigraphic chart. Episodes 36:199–204.

Crawley M 1989 Dicotyledonous wood from the lower Tertiary of
Britain. Palaeontology 32:597–622.

Dickison WC 1967 Comparative morphological studies in Dilleniaceae.
I. Wood anatomy. J Arnold Arbor Harv Univ 48:1–29.

——— 1979 A note on the wood anatomy of Dillenia (Dilleniaceae).
IAWA Bull 2–3:57–60.

Doweld AB 2017 Proposals to conserve the nameLaurinoxylon against
Ulminium and to reject the nameLaurinium (fossilLauraceae). Taxon
66:764–765.

Drinnan AN, PR Crane, EM Friis, KR Pedersen 1990 Lauraceous
flowers from the Potomac Group (mid-Cretaceous) of eastern
North America. Bot Gaz 151:370–384.

Dupéron J, M Dupéron-Laudoueneix, J Sakala, D DeFranceschi
2008 Ulminium diluviale Unger: historique de la découverte et
nouvelle étude. Ann Paleontol 94:1–12.

Dupéron-Laudoueneix M, J Dupéron 2005 Bois fossiles de Lauraceae:
nouvelle découverte au Cameroun, inventaire et discussion. Ann
Paleontol 91:127–151.

Estrada-Ruiz, E, HI Martínez-Cabrera 2011 A new Late Cretaceous
(Coniacian-Maastrichtian) Javelinoxylon wood from Chihuahua,
Mexico. IAWA J 32:519–528.

Estrada-Ruiz E, HI Martínez-Cabrera, J Callejas-Moreno, GR Upchurch
Jr 2013 Floras cretácicas del norte de México y su relación con floras
del Western Interior de América del Norte. Polibotanica 36:41–61.

Estrada-Ruiz E, HI Martínez-Cabrera, SRS Cevallos-Ferriz 2007
Fossil woods from the late Campanian-early Maastrichtian Olmos
Formation, Coahuila, Mexico. Rev Palaeobot Palynol 145:123–133.

——— 2010 Fossil woods from the Olmos Formation (late Campanian-
early Maastrichtian), Coahuila, Mexico. Am J Bot 97:1179–1194.
Estrada-Ruiz E, JM Parrott, GR Upchurch Jr, EA Wheeler, DL
Thompson, GH Mack, MM Murray 2012b The wood flora from
the Upper Cretaceous Crevasse Canyon and McRae formations,
south-central New Mexico, USA: a progress report. Pages 503–
518 in SG Lucas, VT McLemore, VW Lueth, JA Spielmann, K
Krainer, eds. Geology of the Warm Springs region. New Mexico
Geological Society 63rd Annual Fall Field Conference Guidebook.
New Mexico Geological Society, Socorro, NM.

Estrada-Ruiz E, GR Upchurch Jr, EA Wheeler, GH Mack 2012a
Late Cretaceous angiosperm woods from the Crevasse Canyon
and McRae Formations, south-central New Mexico, USA. I. Int J
Plant Sci 173:412–428.

Estrada-Ruiz E, GR Upchurch Jr, JA Wolfe, SRS Cevallos-Ferriz
2011 Comparative morphology of fossil and extant leaves of
Nelumbonaceae, including a new genus from the Late Cretaceous
of western North America. Syst Bot 32:337–351.

Falcon-Lang HJ, E Wheeler, P Baas, PS Herendeen 2012 A diverse
charcoalified assemblage of Cretaceous (Santonian) angiosperm woods
from Upatoi Creek, Georgia, USA. I. Rev Palaeobot Palynol 184:40–73.

Feild TS, TJ Brodribb, A Iglesias, DS Chatelet, A Baresch, GR
Upchurch Jr, B Gomez, et al 2011 Fossil evidence for Cretaceous
escalation in angiosperm leaf vein evolution. Proc Natl Acad Sci
USA 108:8363–8366.

García-Hernández P, E Estrada-Ruiz, HI Martínez-Cabrera 2016
Maderas fósiles de la Formación San Carlos (Cretácico Superior),
Chihuahua, México. Bot Sci 94:269–280.

Gregory M, I Poole, EA Wheeler 2009 Fossil dicot wood names: an
annotated list with full bibliography. IAWA J 6(suppl): 220 pp.

Herendeen PS 1991 Lauraceous wood from the mid-Cretaceous
Potomac Group of eastern North America: Paraphyllanthoxylon
marylandense sp. nov. Rev Palaeobot Palynol 69:277–290.

Hickey LJ, DW Taylor 1991 The leaf architecture of Ticodendron
and the application of foliar characters in discerning its relation-
ships. Ann Mo Bot Gard 78:105–130.

Hudson PJ 2006 Taxonomic and paleoclimatic significance of Late
Cretaceous wood from the San Juan Basin, New Mexico. Unpub-
lished MS thesis. University of Nebraska Omaha. 82 pp.

IAWA Committee 1989 List of microscopic features for hardwood
identification. IAWA Bull 10:219–329.

InsideWood 2004– InsideWood database. http://insidewood.lib.ncsu.edu/.
Jud NA, EA Wheeler, GW Rothwell, RA Stockey 2017 Angiosperm

wood from the Upper Cretaceous (Coniacian) of British Columbia,
Canada. IAWA J 38:141–161.

Kamal El-Din MM 2003 Petrified wood from the Farafra Oasis,
Egypt. IAWA J 24:163–172.

Kamal El-Din MM, EA Wheeler, JA Bartlett 2006 Cretaceous woods
from the Farafra Oasis, Egypt. IAWA J 27:137–143.

Lehman TM 1987 Late Maastrichtian paleoenvironments and dinosaur
biogeography in the Western Interior of North America. Palaeogeogr
Palaeoclimatol Palaeoecol 60:189–217.

Lozinsky RP, AP Hunt, DLWolberg, SG Lucas 1984 Late Cretaceous
(Lancian) dinosaurs from the McRae Formation, Sierra County, New
Mexico. N M Geol 6:72–77.

Mantzouka D, V Karakitsios, J Sakala, EA Wheeler 2016 Using
idioblasts to group Laurinoxylon species: a case study from the
Oligo-Miocene of Europe. IAWA J 37:459–488.

Martínez-Cabrera HI, J Zheng, E Estrada-Ruiz 2017 Wood functional
disparity lags behind taxonomic diversification in angiosperms. Rev
Palaeobot Palynol 246:251–257.

Metcalfe CR, L Chalk 1950 Anatomy of dicotyledons. Vols 1, 2.
Clarendon, Oxford.

http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.1016%2Fj.revpalbo.2017.07.008&citationId=p_45
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.1016%2Fj.revpalbo.2017.07.008&citationId=p_45
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.1016%2F0034-6667%2891%2990032-X&citationId=p_34
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.1111%2Fj.1095-8339.2009.01002.x&citationId=p_12
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.1016%2F0031-0182%2887%2990032-0&citationId=p_42
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.1016%2F0031-0182%2887%2990032-0&citationId=p_42
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&system=10.1086%2F664714&citationId=p_27
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&system=10.1086%2F664714&citationId=p_27
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&pmid=21536892&crossref=10.1073%2Fpnas.1014456108&citationId=p_31
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&pmid=21536892&crossref=10.1073%2Fpnas.1014456108&citationId=p_31
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.1016%2Fj.annpal.2007.12.003&citationId=p_20
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.2307%2F2399596&citationId=p_35
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.1016%2Fj.revpalbo.2006.09.003&citationId=p_24
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.2307%2F20025747&citationId=p_6
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.1163%2F22941932-20170164&citationId=p_39
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.17129%2Fbotsci.438&citationId=p_32
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.12705%2F663.32&citationId=p_17
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.1016%2Fj.annpal.2005.03.002&citationId=p_21
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.1016%2Fj.annpal.2005.03.002&citationId=p_21
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.1163%2F22941932-90000329&citationId=p_40
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.3732%2Fajb.0900234&citationId=p_25
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.1163%2F22941932-20160147&citationId=p_44
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.1600%2F036364411X569525&citationId=p_29
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&system=10.1086%2F337838&citationId=p_18
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.1111%2Fboj.12385&citationId=p_4
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.1163%2F22941932-90000496&citationId=p_37
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.1163%2F22941932-90000143&citationId=p_41


ESTRADA-RUIZ ET AL.—LATE CRETACEOUS ANGIOSPERM WOODS FROM NEW MEXICO 000
Molenaar CM 1983 Major depositional cycles and regional correla-
tions of Upper Cretaceous rocks, southern Colorado Plateau and
adjacent areas. Pages 201–224 in MW Reynolds, ED Dolly, eds. Me-
sozoic paleogeography of west-central United States. Rocky Moun-
tain Section, Society of Economic Paleontologists and Mineralogists,
Denver.

Page VM 1967 Angiosperm wood from the Upper Cretaceous of
central California. I. Am J Bot 54:510–514.

——— 1979 Dicotyledonous wood from the Upper Cretaceous of
central California. I. J Arnold Arbor Harv Univ 60:323–349.

——— 1980 Dicotyledonous wood from the Upper Cretaceous of
central California. II. J Arnold Arbor Harv Univ 61:723–748.

——— 1981 Dicotyledonous wood from the Upper Cretaceous of
central California. III. J Arnold Arbor Harv Univ 62:437–455.

Parrott J, GR Upchurch 2017 The angiosperm wood flora of the Up-
per Cretaceous (Campanian) McRae Formation, south-central New
Mexico: diversity and significance. Paper presented at Botany 2017,
Fort Worth, Texas, 28 June.

Philippe M, B Gomez, V Girard, C Coiffard, V Daviero-Gomez, F
Thevenard, JP Billon-Bruyat, et al 2008 Woody or not woody? ev-
idence for early angiosperm habit from the Early Cretaceous fossil
wood record from Europe. Palaeoworld 17:142–152.

Prakash U, PP Tripathi 1974 Fossil woods from the Tertiary of
Assam. Palaeobotanist 21:305–316.

Richter HG 1981 Anatomie des sekundären xylems und der Rinde
der Lauraceae. Sonderbände des Naturwiss. Vereins Hamburg 5.
Parey, Hamburg.

——— 1987 Lauraceae: mature secondary xylem. Pages 167–171 in
CR Metcalfe, ed. Anatomy of the dicotyledons. Vol. 2. 2nd ed.
Clarendon, Oxford.

Roberts LNR, MA Kirschbaum 1995 Paleogeography of the Late
Cretaceous of the Western Interior of middle North America: coal
distribution and sediment accumulation. US Geol Surv Prof Pap
1561. 116 pp.

Romero EJ 1970 Ulminium atlanticum n. sp. tronco petrificado de
Lauraceae del Eoceno de Bahía Solano, Chubut, Argentina. Ame-
ghiniana 5:205–224.

Seager WR, GH Mack, TF Lawton 1997 Structural kinematics and
depositional history of a Laramide uplift-basin pair in southern
New Mexico: implications for development of intraforeland basins.
Geol Soc Am Bull 109:1389–1401.

Seager WR, GH Mack, MS Raimonde, RG Ryan 1986 Laramide
basement-cored uplift and basin in south-central New Mexico.
Pages 123–130 in RE Clemons, WE King, GH Mack, J Zidek,
eds. Truth or Consequences region. New Mexico Geological Soci-
ety 37th Annual Fall Field Conference Guidebook. New Mexico
Geological Society, Socorro, NM.

Smith SY, SR Manchester, B Samant, DM Mohabey, E Wheeler, P Baas,
D Kapgate, R Srivastava, ND Sheldon 2015 Integrating paleobo-
tanical, paleosol, and stratigraphic data to study critical transitions:
a case study from the Late Cretaceous–Paleocene of India. Pages
137–166 in PD Polly, JJ Head, DL Fox, eds. Earth-life transitions:
paleobiology in the context of earth system evolution. Paleontologi-
cal Society Papers 21. Yale University Press, New Haven, CT.

Stevens PF 2001– Angiosperm phylogeny website. Version 12, July
2012. http://www.mobot.org/MOBOT/research/APweb.

Süss H 1958 Anatomische Untersuchungen uber die Lorbeerhölzer
aus dem Tertiar des Hasenberges bei Wiesa in Sachsen. Abh Dtsch
Akad Wiss Berl Jahrb 8:1–59.
Takahashi K, M Suzuki 2003 Dicotyledonous fossil wood flora and
early evolution of wood characters in the Cretaceous of Hokkaido,
Japan. IAWA J 24:269–309.

Upchurch GR Jr 1995 Dispersed angiosperm cuticles: their history,
preparation, and application to the rise of angiosperms in Creta-
ceous and Paleocene coals, southern Western Interior of North
America. Int J Coal Geol 28:161–227.

Upchurch GR Jr, DL Dilcher 1990 Cenomanian angiosperm
leaf megafossils, Dakota Formation, Rose Creek locality, Jefferson
County, southeastern Nebraska. US Geol Surv Bull 1915. 55 pp.

Upchurch GR Jr, J Kiehl, C Shields, J Scherer, C Scotese 2015 Lati-
tudinal temperature gradients and high-latitude temperatures dur-
ing the latest Cretaceous: congruence of geologic data and climate
models. Geology 43:683–686.

Upchurch GR Jr, GH Mack 1998 Latest Cretaceous leaf megafloras
from the Jose Creek Member, McRae Formation of New Mexico.
N M Geol Soc Guide 49:209–222.

Upchurch GR Jr, BL Otto-Bliesner, CR Scotese 1999 Terrestrial veg-
etation and its effect on climate during the latest Cretaceous. Geol
Soc Am Spec Pap 332:407–426.

Upchurch GR, J Parrott, E Estrada-Ruiz, DL Contreras 2017 Cli-
mate and vegetation of southern Laramidia: a paleobotanical re-
construction for the upper Campanian Jose Creek Member, McRae
Formation, south-central New Mexico. Paper presented at Botany
2017, Fort Worth, Texas, 28 June.

Wheeler EA 2011 InsideWood: a web resource for hardwood anatomy.
IAWA J 32:199–211.

Wheeler EA, P Baas 1991 A survey of the fossil record for dicotyle-
donous wood and its significance for evolutionary and ecological
wood anatomy. Int Assoc Wood Anat Bull 12:257–332.

——— 1993 The potentials and limitations of dicotyledonous wood
anatomy for climatic reconstructions. Paleobiology 19:487–498.

Wheeler EA, TM Lehman 2000 Late Cretaceous woody dicots from
the Aguja and Javelina Formations, Big Bend National Park, Texas.
IAWA J 21:83–120.

——— 2009 New Late Cretaceous and Paleocene dicot woods of
Big Bend National Park, Texas, and review of Cretaceous wood
characteristics. IAWA J 30:293–318.

Wheeler EA, TM Lehman, PE Gasson 1994 Javelinoxylon, an Upper
Cretaceous dicotyledonous tree from Big Bend National Park, Texas,
with presumed Malvalean affinities. Am J Bot 81:703–710.

Wheeler EA, SR Manchester 2002 Woods of the Middle Eocene Nut
Beds Flora, Clarno Formation, Oregon, USA. IAWA J 3(suppl): 188 pp.

Wheeler EA, J McClamer, CA LaPasha 1995 Similarities and differ-
ences in dicotyledonous woods of the Cretaceous and Paleocene.
San Juan Basin, New Mexico, USA. IAWA J 16:223–254.

Wheeler EA, TM Michalski 2003 Paleocene and Eocene woods of
the Denver Basin, Colorado. Rocky Mt Geol 38:29–43.

Wheeler EA, RA Scott, ES Barghoorn 1977 Fossil dicotyledonous
woods from Yellowstone National Park. I. J Arnold Arbor Harv
Univ 58:280–306.

Wheeler EA, R Srivastava, SR Manchester, P Baas 2017 Surprisingly
modern. Latest Cretaceous–earliest Paleocene woods of India.
IAWA J 38:456–542.

Wing SL, LD Boucher 1998 Ecological aspects of the Cretaceous
flowering plant radiation. Annu Rev Earth Planet Sci 26:379–421.

Wolfe JA, GR Upchurch Jr 1987 North American nonmarine cli-
mates and vegetation during the Late Cretaceous. Palaeogeogr Palaeo-
climatol Palaeoecol 61:33–77.

http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.1163%2F22941932-90000239&citationId=p_75
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.1163%2F22941932-90000239&citationId=p_75
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.1163%2F22941932-90001597&citationId=p_64
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.1016%2Fj.palwor.2008.06.001&citationId=p_53
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.1163%2F22941932-90001407&citationId=p_79
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.1146%2Fannurev.earth.26.1.379&citationId=p_83
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.1163%2F22941932-90000051&citationId=p_72
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.1163%2F22941932-90000220&citationId=p_76
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.2113%2Fgsrocky.38.1.29&citationId=p_80
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.1016%2F0166-5162%2895%2900018-6&citationId=p_65
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.1016%2F0031-0182%2887%2990040-X&citationId=p_84
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.1016%2F0031-0182%2887%2990040-X&citationId=p_84
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.2307%2F2445648&citationId=p_77
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.1017%2FS009483730001410X&citationId=p_74
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.1130%2F0016-7606%281997%29109%3C1389%3ASKADHO%3E2.3.CO%3B2&citationId=p_59
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.2307%2F2440843&citationId=p_48
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.1163%2F22941932-20170174&citationId=p_82
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F695503&crossref=10.1130%2FG36802.1&citationId=p_67

